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Abstract: Currently, thermal power is the largest source of power in the world. Although the impacts
of climate change on cooling water sufficiency in thermal power plants have been extensively assessed
globally and regionally, their economic consequences have seldom been evaluated. In this study,
the Asia-Pacific Integrated Model Computable General Equilibrium model (AIM/CGE) was used
to evaluate the economic consequences of projected future cooling water insufficiency on a global
basis, which was simulated using the H08 global hydrological model. This approach enabled us
to investigate how the physical impacts of climate change on thermal power generation influence
economic activities in regions and industrial sectors. To account for the uncertainty of climate change
projections, five global climate models and two representative concentration pathways (RCPs 2.6
and 8.5) were used. The ensemble-mean results showed that the global gross domestic product (GDP)
loss in 2070–2095 due to cooling water insufficiency in the thermal power sector was−0.21% (−0.12%)
in RCP8.5 (RCP2.6). Among the five regions, the largest GDP loss of −0.57% (−0.27%) was observed
in the Middle East and Africa. Medium-scale losses of −0.18% (−0.12%) and −0.14% (−0.12%)
were found in OECD90 (the member countries of the Organization for Economic Co-operation and
Development as of 1990) and Eastern Europe and the Former Soviet Union, respectively. The smallest
losses of −0.05% (−0.06%) and −0.09% (−0.08%) were found in Latin America and Asia, respectively.
The economic impact of cooling water insufficiency was non-negligible and should be considered as
one of the threats induced by climate change.
Keywords: cooling water shortage; thermal power; economic consequence; climate change
1. Introduction
Cooling water is indispensable to thermal power generation, which supplies approximately 80%
of the world’s electricity [1]. For example, it is estimated that 41% of freshwater withdrawal in the U.S.
in 2005 was used for electricity production, mainly for cooling [2]. Likewise, in 2010, it was reported
that the water withdrawal for cooling purposes in France and Germany was 22 km3 and 20 km3,
respectively [3]. Because water demand is growing in many parts of the world, water competition
among sectors (e.g., municipal use, agriculture, and manufacturing) could be aggravated in the future
unless effective countermeasures are taken [4]. In particular, climate change will increase the risk of
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thermoelectric cooling water shortages, which are primarily accompanied by decreases in low flow and
increases in stream temperatures [5,6]. The former imposes physical water constraints due to limited
streamflow availability, whereas the latter increases the risk of violating environmental regulations,
which prohibit water abstraction under high stream temperature conditions [7].
The impacts of climate change on thermoelectric cooling water insufficiency have been extensively
investigated globally. Most studies have been based on global hydrological models, which are capable
of simulating streamflow and stream temperature at daily intervals [5,6,8,9]. This approach enables the
projection of future cooling water availability at a high spatiotemporal resolution (typically 0.5◦ × 0.5◦
on a daily basis), while taking into account both the effects of decreasing low flow and increasing
stream temperatures. Earlier studies estimated that the capacity reduction due to cooling water
insufficiency in 2050 would be as much as 7–12%, 2.4–16%, and 1.5–19% globally, in the U.S., and in
Europe, respectively [5,6,8–10]. Although physical (i.e., hydrological) aspects have been well simulated,
this approach has tended to neglect the socio-economic dynamics (i.e., fixing the cooling water
requirements at the base year of simulation). To project cooling water withdrawal and consumption
while incorporating socio-economic changes, such as population growth, increased gross domestic
product (GDP), technological improvements, and policy implementation for climate change mitigation,
several studies have used global economic models [11–13]. Although the aforementioned shortcomings
of hydrological models have been resolved, owing to their lack of spatiotemporal detail regarding
hydrological processes, their ability to assess cooling water sufficiency (CWS) is restricted.
To tackle this problem, a recent study by Zhou et al. first combined these two approaches [10].
They used the Asia Pacific Integrated Model Computable General Equilibrium model (AIM/CGE) [14]
and projected the thermoelectric cooling water requirement of the 21st century, taking the growth
in electricity demand and expected technological advances into account. Then, they assessed the
availability of streamflow to meet the projected water requirement on a daily basis using the H08 global
hydrological model, including water abstraction for the agricultural, manufacturing, and municipal
sectors [15,16]. They defined CWS as the ratio of the accumulation of daily water abstraction for the
consumptive use for cooling (ACC) to the water requirement for the consumptive use for cooling (RCC)
for a specific year. They estimated the CWS for 17 regions at an annual interval during the 21st century
for two representative concentration pathway (RCP) scenarios and five global climate models (GCMs).
In this study, the economic consequences of cooling water insufficiency for thermal power plants
was investigated globally, based on Zhou et al. [10]. The projected CWS was fed into the AIM/CGE
by converting the changes in CWS into changes in the capital productivity of thermoelectric sectors.
The key advance made in this study was the quantification of climate change impacts on thermoelectric
production and their economic consequences through a two-way coupling of a hydrological model and
an economic model (i.e., one way is from the former to the latter as in Zhou et al., whereas another is
the opposite approach, as shown in this study). The objective of this study was to answer the following
two questions. What are the economic consequences, more specifically, the magnitude of GDP losses,
due to the cooling water insufficiency projected by Zhou et al. [10]? Which regions and sectors are
more (and less) affected compared to the global mean?
The rest of the paper is organized as follows. The methods are described in Section 2. The results
and discussion are presented in Section 3. Finally, the conclusions are presented in Section 4.
2. Methods
We estimated the economic consequences of the deterioration of CWS in the thermoelectric
sector associated with climate change from 2005 (the baseline year) to 2100. To achieve this goal,
we used the H08 global hydrological model [15,16] and the AIM/CGE global economic model [17].
The schematic of the methodology and the data flows between these models are shown in Figure 1.
Our study proceeded in three steps. In step 1, we used AIM/CGE to project the RCC globally. The
shared socioeconomic pathway 2 (SSP2) scenario and a climate policy compatible with RCP2.6 and
RCP8.5 were assumed in the simulations. In step 2, we used H08 to project the accumulation of
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daily water abstraction for the consumptive use of cooling (ACC, ACC ≤ RCC) taking hydrological
constraints (i.e., daily streamflow availability) into account. By dividing ACC by RCC, the CWS
indicator (0 ≤ CWS ≤ 1) was derived. These processes and results are detailed in Zhou et al. [10].
In step 3, we used the AIM/CGE to estimate the economic consequences of the change in CWS. Here,
we assumed that the change in CWS was equivalent to the change in capital productivity in the thermal
power sector, which is a key parameter in AIM/CGE. The change in capital productivity resulted in
a deterioration in electricity production in the thermoelectric sector. Non-thermal power sectors (e.g.,
hydropower, photovoltaic, and wind power) were not affected. The simulations were conducted under
the same conditions as those in Step 1.
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Figure 1. Schematic of the models and data flows. AIM/CGE and H08 denote the Asia-Pacific
Integrated Model/Computable General Equilibrium (AIM/CGE) and the H08 global hydrological
model, respectively. SSP, RCP, GCM, EP, GDP, and VA denote Shared Socioeconomic Pathway,
Representative Concentration Pathway, Global Climate Model, Electricity Production, Gross Domestic
Production, and Value Added, respectively.
2.1. AIM/CGE Model
AIM/CGE is a recursive-dynamic general equilibrium model which is based on the “standard
CGE model” [18]. It subdivides the world and industry into 17 regions and 42 sectors (Tables S1
and S2). Details of the model’s structure and mathematical formulas are described in the AIM/CGE
basic manual [17].
The structure of electricity production in AIM/CGE is shown in Figure 2. The electricity production
industry consists of 11 sectors by fuel type which are combined with a Logit Function. Coal (COL),
oil (OIL), natural gas (GAS), nuclear (NUC), geothermal (GEO), advanced biomass-power generation
(BIN), waste biomass power (BIO), and other renewable energy power generation (ORN) are thermal
power sources that require cooling water. Hydro (HYD), solar photovoltaic (SPV), and wind (WIN)
are non-thermal power generation systems. We assumed that the cooling water supply was sufficient
for all thermal power plants at the base year. Due to the effects of climate change and the growth in
water consumption, CWS will deteriorate over time [10]. The decay in CWS is transferred into a decay
in capital productivity in the thermoelectric sector. This reduces the productivity of the thermoelectric
sector, which eventually affects all economic activities.
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2.2. Scenario-Setting and Analysis
We conducted a series of global economic simulations using AIM/CGE. All simulations covered
the period from 2005 to 2100. Global economic growth during the period was compatible with
the SSP2 socioeconomic conditions [19]. The simulations were repeated three times with different
assumptions. The first was a world in which a cooling water shortage had no impact on economic
activities (no climate change impacts; NoCC). The second and third were worlds in which the cooling
water shortages of RCP2.6 and RCP8.5 influenced economic activities. The projected cooling water
insufficiency (Steps 1–2 in Figure 1) was transferred into a decay in the factor of productivity of
AIM/CGE. To quantify the uncertainties in climate projections by GCMs, we performed all simulations
five times using the CWS results of five individual GCMs, then calculated the mean changes for both
RCP2.6 and RCP8.5.
All simulation results for the 17 regions and 42 sectors were obtained at annual intervals. To better
interpret the results, we aggregated the results as follows. First, we aggregated time into three periods:
2010–2035, 2040–2065, and 2070–2095. Second, we aggregated the 17 regions (Table S1) into five large
regions: Asia, the Middle East and Africa (MAF), Latin America (LAM), the member countries of the
Organization for Economic Co-operation and Development as of 1990 (OECD90), and Eastern Europe
and the Former Soviet Union (REF). Finally, we aggregated the 42 sectors (Table S2) into six large
sectors: agriculture (AGR), manufacturing and construction (MAN), energy extraction (ENE), power
(PWR), transport and communications (TRS), and service (SER).
3. Results and Discussion
3.1. Climate Change Impacts on Electricity Production
Figure 3 shows a boxplot of electricity production for the NoCC run. It shows the results for
the world (WLD) and five regions for the eight thermal and three non-thermal power sources for
2010–2035, 2040–2065, and 2070–2095. Because thermal power production was unaffected by climate
change impacts (i.e., cooling water shortage) in the NoCC run, the results were used as a reference
in this study. The range between the lower and the upper whisker in each boxplot shows the annual
variations within each simulation period (25 years). Globally, COL (median in 2070–2095: 123 EJ yr−1),
Energies 2018, 11, 2686 5 of 11
GAS (65.3 EJ yr−1), and NUC (48.6 EJ yr−1) were the main sources of thermoelectric power, and HYD
(36.8 EJ yr−1) was the primary source of non-thermoelectric power. In Asia, COL electricity production
displayed the most growth. In addition to COL, GAS and NUC grew substantially in OECD90,
REF, and MAF. In LAM, HYD displayed the most growth, but it hit a ceiling because it reached the
exploitable maximum hydropower potential in 2070–2095 (see Zhou et al. [20]). Non-thermal electricity
production grew steadily, but the total production fell below that of thermal in all periods and regions
except LAM in 2010–2035.
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Figure 5 shows the differences in electricity production between the RCP2.6 and NoCC runs in 
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Figure 3. Projections of thermal and non-thermal electricity production in three periods, 2010–2035,
2040–2065, and 2070–2095, for the no climate change impacts (NoCC) run for the entire world (WLD)
and for five regions (Asia, OECD90, REF, MAF and LAM; see Table S1). The box plots show the range
within each period. The left and right of the dashed line are the thermoelectric and non-thermoelectric
sectors, respectively.
Figure 4 shows the differences in electricity production between the RCP8.5 and NoCC runs
(i.e., the impacts of RCP8.5 climate change on electricity production) in the three periods. In the
WLD, there was a reduction in electricity production in all the thermal sectors due to climate change,
whereas there was an increase in all the non-thermal sectors. The magnitude of the reduction in the
WLD was−5.43% for COL (median in 2070–2095), −8.84% for NUC,−6.14% for BIN,−22.1% for GEO,
and −13.0% for BIO. In Asia, OECD90, and LAM, decreasing patterns similar to that observed for the
WLD were apparent. Remarkable declines in GEO and NUC were projected in Asia and OECD90,
respectively. In REF, all the sectors were marginally affected by climate change. MAF was the region
that experienced the largest reduction due to climate change (−20.8% for COL, −4.10% for GAS,
−22.4% for NUC, and −15.5% for BIN) and a substantial increase in non-thermal power (5.27% for
HYD, 5.88% for SPV, and 5.67% for WIN). Among the thermal power sectors, the difference in GEO
was remarkable in all regions, although it played a marginal role in the total electricity supply because
its overall contribution was marginal (Figure 3). In terms of electricity supply, the impacts on NUC
had the largest effect, particularly in OECD90 and MAF.
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Figure 5 shows the differences in electricity production between the RCP2.6 and NoCC runs in
the three periods. Globally, the pattern of change was similar to that of the RCP8.5 run. The magnitude
and variations (e.g., the range between the 25th and 75th percentiles) of change for the RCP2.6 run
were smaller than those for the RCP8.5 run because both the magnitude and GCM uncertainty range
of climate change impacts for the RCP2.6 run were smaller than those for the RCP8.5 run. Regionally,
the uncertainty range in NUC was greater than that in the RCP8.5 run. This can be explained by two
factors: (1) the stringent climate mitigation policy in RCP2.6 promotes the use of NUC and (2) the
availability of cooling water differs substantially among the GCMs.
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3.2. Economic Consequences of Climate Change
Figure 6 shows the changes in GDP due to cooling water insufficiency for the thermal power sector.
We found that cooling water insufficiency decreased the GDP compared with the NoCC scenario for
the world and five regions during the 21st century. Decreasing trends were consistently seen in all 10
experiments (i.e., five GCMs and two warming levels). We found that the global annual mean GDP
loss was 0.07–0.08% in 2050 and 0.14–0.23% in 2100. The magnitude of the GDP loss varied among
the regions. The largest reduction in GDP occurred in MAF. The magnitude of GDP loss was higher
than the global mean throughout the century, with a value of 0.10–0.16% in 2050 and 0.27–0.57% in
2100. In contrast, there were minor GDP changes in LAM and Asia. The magnitude of GDP loss for the
RCP2.6 (RCP8.5) run was 0.03% (0.03%) in 2050 and 0.06 (0.06%) in 2100 in LAM, and 0.06% (0.06%) in
2050 and 0.08 (0.09%) in 2100 in Asia. A moderate loss was projected in OECD90 and REF. The loss in
the RCP2.6 (RCP8.5) run was 0.07 (0.09%) in 2050 and 0.12 (0.18%) in 2100 in OECD90, and 0.15 (0.11%)
in 2050 and 0.12 (0.15%) in 2100 in REF.
The key drivers for the projected GDP loss were as follows. The first driver was an increase
in the water requirement. The cooling water requirement grew rapidly alongside the growth in
electricity demand and with a shift in thermal power plant cooling systems from once-through flow
to a closed loop [10]. The water requirement for other sectors, such as agriculture, manufacturing,
and household use, also grew rapidly, particularly in developing regions such as Asia, LAM, and MAF.
Subsequent water competition among sectors and regions caused water insufficiency. The second
factor was the changing climate. Climate change intensified the contrast between wet and dry periods,
with a consequent decrease in water availability, particularly in dry periods [10]. Both the increased
water requirement and decreased water availability resulted in a decline in CWS. The third driver
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was a reduction in the capital productivity of the thermal power sector, which was transferred from
cooling water insufficiency (see Methods). A reduction in capital productivity reduces the price
competitiveness of thermoelectric power compared to non-thermal power; hence, negative and positive
shifts in the thermal and non-thermal power sectors were observed (Figures 4 and 5). Due to the
limitations in resources and the efficiency of non-thermal electricity production, the overall economic
efficiencies of the RCP2.6 and RCP8.5 runs fell below that of the NoCC run. The fourth driver was
dependency on thermoelectric power and its dominance in value added among industries in the
regions in question. For example, electricity in LAM was predominantly supplied by non-thermal
hydropower (Figure 3); hence, the GDP loss was marginal (Figure 5d). Because the GDP of the power
production sector was marginal (substantial) in Asia (REF), the GDP loss was minor (substantial).Energies 2018, 11, x FOR PEER REVIEW  8 of 11 
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competitiveness of thermoelectric power compared to non-thermal power; hence, negative and 
positive shifts in the thermal and non-thermal power sectors were observed (Figures 4 and 5). Due to 
the limitations in resources and the efficiency of non-thermal electricity production, the overall 
economic efficiencies of the RCP2.6 and RCP8.5 runs fell below that of the NoCC run. The fourth 
driver was dependency on thermoelectric power and its dominance in value added among industries 
in the regions in question. For example, electricity in LAM was predominantly supplied by non-
thermal hydropower (Figure 3); hence, the GDP loss was marginal (Figure 5d). Because the GDP of 
Figure 6. Differences in gross domestic product (GDP) between the RCP2.6 and NoCC runs (blue) and
the RCP8.5 and NoCC runs (pink) for (a) the WLD, (b) OECD90, (c) MAF, (d) LAM, (e) REF, and (f)
Asia (see Table S1). The thin dotted and bold solid lines show the results using the cooling ater
insufficiency projected by five individual s and the ense ble ean, respectively.
3.3. Decomposition Analysis of Economic Changes
To identify sector-wise economic impacts, the changes in value added were examined for six
aggregated industrial sectors for the RCP2.6 and RCP8.5 runs in comparison with the NoCC run
(Figure 7). As commonly seen in all regions, PWR and SER were the sectors with a remarkable
reduction in value added. In LAM, ENE (447.0 million USD in 2070–2095 for the RCP8.5 run) had
a clear increase in value added. In MAF, the largest reduction in value added was found for SER.
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The reduction was doubled in the RCP8.5 run (−4772 million USD) compared to the RCP2.6 run
(−2177 million USD). The remarkable change in GDP in MAF (Figure 6c) was mainly attributed to the
reduction in economic activity in SER. In OECD90, the reductions in value added for SER and PWR
were −4110 and −6451 million USD, respectively, for the RCP8.5 run in 2070–2095, which was the
largest reduction among all the results. In REF, in addition to SER and PWR, the reduction in value
added for MAN was also large.
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4. Conclusions
This study quantified the global economic consequences of the impacts of climate change on
the thermal power sector by a two-way coupling of a physical hydrological model and an economic
model. The two models were linked by transforming the CWS simulated by the hydrological model
into the capital productivity of thermoelectric sectors in the economic model. A reduction in the
availability of cooling water suppressed thermoelectric power production. Power generation by
COL and NUC showed the largest declines due to cooling water insufficiency among the three
predominant power sources (the other being GAS). MAF was the region with the largest decrease,
approximately 20% in 2070–2095 for the RCP8.5 run. The change in thermoelectric power production
propagated into the global economy. The ensemble-mean results showed that the global GDP loss
due to cooling water insufficiency in the thermal power sector was −0.12% (−0.21%) in the RCP2.6
(RCP8.5) run. Among the five regions, the largest GDP loss of −0.27% (−0.57%) was observed in
MAF. Medium-scale losses of −0.12% (−0.18%) and −0.12% (−0.14%) were found in OECD90 and
REF, respectively. The smallest losses of −0.06% (−0.05%) and −0.08% (−0.09%) were found in LAM
and Asia, respectively. A reduction in value added in the power sector was found in all regions.
The largest reductions were found in OECD90 and MAF in terms of the absolute monetary value and
the percentage of regional GDP, respectively. The largest reduction in value added was found in the
service sector, which significantly influenced the regional GDP.
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To the best of our knowledge, this is the first study to quantify the physical impacts of climate
change on the thermal power sector by coupling a physical hydrological model and an economic model
at the global scale. The regional and sectorial variations in response to cooling water shortage highlight
the importance of incorporating geographical and sectorial details into physical hydrological and
economic models. There are multiple ways to interpret the economic consequences. When compared
with other sectors that face economic impacts from climate change, the percentage GDP decreases were
found to be comparable to the losses in other sectors due to energy demand [21], human health due to
undernourishment [22], and floods [23]. This implies that cooling water insufficiency is non-negligible
and should be considered as one of the threats induced by climate change. Climate change mitigation
actions can negate these effects in two ways: (1) by reducing climate change itself and (2) by changing
the power generation system to rely less on thermoelectricity (e.g., such as solar and wind), which can
be interpreted as an adaptive measure (e.g., van Vliet et al. [6]). This duality of climate change
mitigation in the context of saving cooling water should be seriously considered by policy makers as
one of the benefits of climate change mitigation.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/10/2686/
s1. Table S1: Regional classification and Table S2: Sectorial classification.
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